We investigated the formation of two C 3 H 2 O isomers, i.e., cyclopropenone (c-C 3 H 2 O) and propynal (HCCCHO), in binary ice mixtures of carbon monoxide (CO) and acetylene (C 2 H 2 ) at 10 K in an ultrahigh vacuum machine on highenergy electron irradiation. The chemical evolution of the ice samples was followed online and in situ via a Fourier transform infrared spectrometer and a quadrupole mass spectrometer. The temporal profiles of the cyclopropenone and propynal isomers suggest (pseudo-) first-order kinetics. The cyclic structure (c-C 3 H 2 O) is formed via an addition of triplet carbon monoxide to ground-state acetylene (or vice versa); propynal (HCCCHO) can be synthesized from a carbon monoxideYacetylene complex via a [HCO. . .CCH] radical pair inside the matrix cage. These laboratory studies showed for the first time that both C 3 H 2 O isomers can be formed in low-temperature ices via nonequilibrium chemistry initiated by energetic electrons as formed in the track of Galactic cosmic ray particles penetrating interstellar icy grains in cold molecular clouds. Our results can explain the hitherto unresolved gas phase abundances of cyclopropenone in star-forming regions via sublimation of c-C 3 H 2 O as formed on icy grains in the cold molecular cloud stage. Implications for the heterogeneous oxygen chemistry of Titan and icy terrestrial planets and satellites suggest that the production of oxygen-bearing molecules such as C 3 H 2 O may dominate on aerosol particles compared to pure gas phase chemistry. Subject headingg s: astrobiology -astrochemistry -ISM: molecules -planets and satellites: individual ( Titan)
INTRODUCTION
The detection of carbon monoxide (CO) in the atmospheres of Jupiter (Beer1975), Saturn (Noll et al.1986 ), Uranus (Rosenqvist et al. 1992) , Neptune (Rosenqvist et al. 1992; Courtin et al. 1996) , and Pluto (Bockelee-Morvan et al. 2001) at mixing ratios of about 10 À9 , (2:0 AE 0:7) ; 10 À9 to (3 AE 1) ; 10 À7 , 4 ; 10 À8 , (6:5 AE 3:5) ; 10 À7 to (2:7 AE 1:8) ; 10 À6 , and 7 ; 10 À2 to 10 À1 , respectively, suggests that a coupling between the hydrocarbon and oxygen chemistry might exist in hydrocarbon-rich atmospheres of planets and their moons (Bernard et al. 2003) . Carbon monoxide was also identified in Titan's atmosphere at the 60 ppm level in the Voyager time and at the 32 AE 15 ppm level recently based on the Cassini VIMS spectral imaging (Baines et al. 2006) ; carbon dioxide (CO 2 ) was suggested to hold fractional abundances in the range of 16 AE 2 ppb (de Kok et al. 2007) , several orders of magnitude less than carbon monoxide. The hypothesis of a coupled oxygenYhydrocarbon chemistry gained support from the latest laboratory experiments. These studies simulated the chemical processing of Titan's atmosphere in the bulk and indicated that the incorporation of carbon monoxide into Titan's gas phase and aerosol chemistry could lead to oxygen-bearing compounds, among them ethylene oxide (oxirane; c-C 2 H 4 O) as dominant species (Bernard et al. 2003) (Fig. 1 ). This molecule can be formed by reactions of suprathermal, ground, and/or electronically excited oxygen atoms with ethylene (C 2 H 4 ) followed by a stabilization of the rovibrationally excited intermediate via a thirdbody collision combined with intersystem crossing (Bennett et al. 2005a ) (eq. [1] ). Note that oxirane has also been detected in starforming regions such as Sgr B2 (Guzmán et al. 1997; Nummelin et al.1998 ), a region where molecules formed on icy grains in the cold molecular cloud stage can sublime into the gas phase. Therefore, it is intriguing to investigate whether a common synthetic route to oxygen-carrying molecules could exist in extreme environments. However, only limited laboratory studies have been conducted so far on the formation of oxygen-bearing molecules in the interstellar medium and in hydrocarbon-rich atmospheres of planets and their moons. These investigations have been limited to the synthesis of oxirane (c-C 2 H 4 O) from oxygen atoms and ethylene as discussed above (eq. [1]) (Bennett et al. 2005a) , and of its acetaldehyde isomer (CH 3 CHO) formed in carbon monoxide-methane ices (Bennett et al. 2005b ) via reaction (2) through a [CH 3 -HCO] radical pair,
CH 4 þ CO ! ½CH 3 -HCO ! CH 3 CHO:
In this paper, we expand the previous investigations and present a combined experimental, theoretical, and modeling study on the formation routes to the oxygen-bearing molecules of the generic formula C 3 H 2 O in extreme environments. We focus on the structural isomers cyclopropenone (c-C 3 H 2 O) and propynal ( HCCCHO; Fig. 1 ), which in principle can synthesized via nonequilibrium reactions of carbon monoxide (CO) with acetylene (C 2 H 2 ) on interstellar grains and aerosol particles in hydrocarbon rich atmospheres (reactions [3] and [4] ). Recall that both C 3 H 2 O molecules have been detected in the interstellar medium. Propynal was first observed in 1988 toward the cold molecular cloud TMC-1 with fractional abundances of about (1:5 AE 0:4) ; 10 À10 ( Irvine et al. 1988) . A subsequent search in the hot core of Sagittarius B2 yielded only upper limits ( Turner 1991) . On the other hand, the cyclic isomer, cyclopropenone, is absent in cold molecular clouds, but has been detected recently toward Sagittarius B2 with fractional abundances of about 6 ; 10 À11 (Hollis et al. 2006) . Therefore, our investigation can shed light on the production routes of both isomers in interstellar environments and also on the potential role of the C 3 H 2 O family as possible oxygen-bearing precursors to be incorporated into the organic haze layers of Saturn's moon Titan. For simplicity, we conduct the simulation experiments at 10 K first. In previous studies on the related C 2 H 4 O 2 ( Bennett et al. 2005b) and C 2 H 4 O systems ( Bennett et al. 2007) , this helped to elucidate basic reaction mechanisms and to discriminate between thermal and nonthermal pathways leading to distinct isomers. The simulation temperature directly mimics the conditions of icy, interstellar grains as present in cold molecular clouds such as in TMC-1, which are exposed to high-energy Galactic cosmic ray particles. On penetrating the ices, the latter divert their energy almost exclusively via electronic interaction with the target molecules (Kaiser & Roessler 1997) leading to the generation of cascades of secondary electrons. Galactic cosmic ray particles (GCRs) consist of about 98% protons ( p, H + ) and 2% helium nuclei (-particles, He 2+ ). It has been shown that, for example, a 10 MeV proton transfers 99.99% of the energy into the ice target to the electronic system of the target molecules via a linear energy transfer (LET) of a few keV m À1 ; a similar LET is found for 5 keVelectrons as they penetrate ices (for more detailed discussions on the effects of irradiation on ices, please refer to ( Kaiser 2002; Bennett et al. 2005b) . Therefore, to mimic the formation of C 3 H 2 O isomers within interstellar ices, we chose to investigate the effects of 5 keVelectrons, which have a similar linear energy transfer compared to the MeV protons (see x 2), on binary ice mixtures of carbon monoxide and acetylene. Implications for the chemical processing of hydrocarbonrich atmospheres of planets and their satellites are also given,
EXPERIMENTAL
The simulation experiments were conducted in an ultrahigh vacuum chamber operated at base pressures of about 3 ; 10 À11 torr. Briefly, the main chamber consists of a 15 l cylindrical stainless steel chamber of 250 mm diameter and 300 mm height which is evacuated by a magnetically suspended turbo pump backed by an oil-free scroll pump (Bennett et al. 2004) . A two-stage closed cycle helium refrigerator-interfaced to a differentially pumped rotary feedthrough-is attached to the lid of the machine and holds a polished silver single crystal. This crystal is cooled to 10:4 AE 0:3 K, serves as a substrate for the ice condensate, and conducts the heat generated from the impinging electrons to the cold head. The ice condensation is assisted by a precision leak valve. The carbon monoxide ( 12 C 16 O)Yacetylene ( 12 C 2 H 2 ) ices were prepared at 10.4 K by depositing premixed gases (60 torr CO 99.99%, the Specialty Gas Group; 64 torr C 2 H 2 99.99%, the Specialty Gas Group) at pressures of 10 À8 torr for 10 minutes. Acetone traces in the acetylene gas were removed by a zeolite trap and an acetone-dry ice bath. To determine the ice composition quantitatively, we integrated the 1 (2141 cm
À1
; Jiang et al. 1975b ) and 2 (1960 cm
; Nakayama & Watanabe1964) absorption features of carbon monoxide and acetylene, respectively, and calculated the thicknesses of the carbon monoxide-acetylene ices to be 97 AE 9 nm using densities of carbon monoxide and acetylene of 1.03 g cm À3 (CO ice; 10 K; Jiang et al. 1975a ) and 0.76 g cm À3 (Tarasova1982). The carbon monoxide to acetylene ratio was determined to be about 1:0 AE 0:1. Control experiments were also conducted with 12 C 18 O-12 C 2 H 2 and 12 C 16 O-12 C 2 D 2 ices to confirm the mass spectrometric and infrared spectrometric assignments.
All ices were irradiated isothermally at 10.4 K with 5 keV electrons generated in an electron gun (Specs EQ-22/35) at beam currents of 100 nA (60 minutes) by scanning the electron beam over an area of 3:0 AE 0:4 cm 2 . It should be stressed that control experiments with pure carbon monoxide samples and of pure acetylene samples did not show any evidence of stable ions formed. Accounting for irradiation times and the extraction efficiency of 78.8% of the generated electrons, this exposes the target to 1:8 ; 10 15 electrons. The electron trajectories were simulated using the CASINO code ( Drouin et al. 2001) . The results indicate that average energy of electrons after they have been transmitted through the sample is 4:61 AE 0:04 keV. This means that each electron transfers on average a total of 390 AE 40 eV per electron into the sample. This value corresponds to an average LET of 3:9 AE 0:4 keV m
, and therefore exposing our sample to an average dose of 1:2 AE 0:2 eV per molecule. After the irradiation, the sample was kept isothermal at 10.4 K for 60 minutes and heated then by 0.5 K minute À1 to 300 K. The infrared spectra of the samples were measured online and in situ by a Fourier transform infrared spectrometer (Nicolet 6700 FTIR) from the irradiation to the heating phase (Bennett et al. 2004) . We also utilized a quadrupole mass spectrometer (Balzer QMG 420) to monitor the species released into the gas phase (mass range: 1Y200 amu) via electron impact ionization of the neutral molecules with 90 eV electrons.
THEORY

Computations
Ab initio electronic structure calculations are performed for the reaction of acetylene with carbon monoxide for probable channels on both adiabatic triplet and singlet ground-state potential energy surfaces of C 3 H 2 O. The collision complexes and their subsequent isomerization pathway via ring opening, ring formation, and hydrogen migration are sought out. The collision complexes, intermediates, and transition states are characterized such that the optimized geometries, harmonic frequencies, and the energies with zero-point energy corrections are obtained. The ab initio calculations are carried out at the level of the hybrid density functional theory, the unrestricted B3LYP (Lee et al. 1988 Krishnan et al.1980) , by utilizing the GAUSSIAN 98 programs (Frisch et al. 2001 ). The energies are further refined with the coupled cluster CCSD( T) (Purvis & Bartlett1982; Raghavachari et al.1989 )/ccpVTZ (Dunning1989) with B3LYP/6Y311G(d, p) zero-point energy corrections at their B3LYP/6Y311G(d, p) optimized geometries.
Modeling
To evaluate the production of oxygen compounds via heterogeneous processes in planetary conditions, we select Titan as an example for a detailed study. A one-dimensional photochemical model is used. The aforementioned yields of oxygen compounds are incorporated into an existing model described elsewhere (Liang et al. 2007) . The model chemistry is based on Moses et al. (2005) , which contains the most updated hydrocarbon and oxygen chemistry, along with physiochemical processes. We select Model D of Liang et al. (2007) as a reference case for the study. The proposed formation routes of the oxygen compounds require highenergy cosmic rays; the energy deposition was estimated to be 10 9 eV cm À2 s À1 from Sagan & Thompson (1984) .
RESULTS
Infrared Spectroscopy
The analysis of the infrared spectra is carried out in three steps. First, we investigate the appearance of new absorptions qualitatively and assign their carriers. Hereafter, the temporal developments of these absorptions on electron irradiation-by focusing on the molecules related to the formation of the C 3 H 2 O isomers-are investigated quantitatively. Finally, these data are fit to derive the reaction mechanism, the kinetics, and the production rates of newly synthesized C 3 H 2 O molecules.
The effects of the electron bombardment of the binary ice mixtures are compiled in Figure 2 . A comparison of the non-irradiated sample (black line) with the exposed ice ( gray line) at 10.4 K identifies various novel absorption features (Table 1) . First, we can assign seven peaks to the cyclopropenone molecule (c-C 3 H 2 O). ). Second, the infrared spectra showed six absorptions which can be attributed to the propynal isomer ( HCCCHO). , 6 ). The last three molecules could be also detected in electronirradiated pure carbon monoxide samples at 10 K studied previously in our laboratory . Finally, the irradiated samples depicted absorption features which could not be assigned to individual molecular carriers, but only to functional groups as compiled in Table 1 .
Mass Spectrometry
We are now comparing the infrared observations with a mass spectrometric analysis of the gas phase. During the irradiation and isothermal phases, no molecules were observed to be released into the gas phase. However, when the temperature is increased, we monitor a sublimation of the carbon monoxide (m/z ¼ 28) and acetylene (m/z ¼ 26) matrix with an onset of about 60 K. Blank checks, i.e., experiments carried out under identical conditions, but without an electron irradiation of the ices, showed no additional molecules released into the gas phase. However, on warming up the irradiated sample to 300 K, signal Note.-Spectra were recorded at 10.4 K after the radiation exposure.
appeared at m/z ¼ 54 (C 3 H 2 O + ; Fig. 3 ). Signal at higher mass-tocharge ratios was not detected. It should be noted that we also observed signal at m/z ¼ 52. This could come from dissociative ionization of the neutral C 3 H 2 O molecules in the electron impact ionizer and/or from the parent ion of vinylacetylene (C 4 H 4 + ), which was identified via infrared spectroscopy (x 4.1). We should remind the reader that based on the mass spectrometric data alone, we cannot quantify to what extent signal at m/z ¼ 54 originates from cyclopropenone and/or propynal. However, the infrared data help to elucidate the formation rates quantitatively. system. Summarized, the most important information from the mass spectra are the verification of the formation of C 3 H 2 O and the absence of molecular hydrogen released into the gas phase.
DISCUSSION
Having identified the cyclopropenone (c-C 3 H 2 O) and propynal (HCCCHO) molecules in electron-irradiated acetylene-carbon monoxide ices at 10.4 K, we would now like to kinetically fit the temporal evolution of the profiles of both isomers and of the formyl (HCO) radical during the irradiation of our sample (Fig. 4) . Our results suggest that the initial step in the formation of propynal (HCCCHO) is the electron-induced unimolecular decomposition of the acetylene molecule via cleavage of a carbon-hydrogen bond to generate an ethynyl radical and a hydrogen atom (reaction [5]),
This reaction is endoergic and requires by 468 kJ mol À1 (4.9 eV). The CASINO calculations (x 2) showed that one electron releases 390 AE 40 eV to the sample molecules on average. The hydrogen atom holds an excess energy of a few electron volts (Bennett et al. 2005b ); this suprathermal hydrogen atom can pass the barrier of addition and, hence, can add to the carbon-oxygen double bond of the carbon monoxide molecule, forming a formyl radical (eq. [6]). Keller et al. (1996) , Woon (1996) , and Jursic (1998) studied the system H(
extensively and reported that the best theoretical values of the entrance barrier and the reaction energy are 10.5 and À59.8 kJ mol À1 , respectively. The corresponding experimental values are 8:3 AE 1:7 (Wang et al.1973 ) and À58.6 kJ mol À1 (Werner et al.1995) , respectively;
What is the fate of the HCO radicals? If the carbon monoxide is neighboring an acetylene molecule, i.e., represented formally as a [CO-C 2 H 2 ] complex in the solid ice, the carbon-hydrogen bond cleavage releases a hydrogen atom to form an ethynyl radical and a hydrogen atom in the matrix cage:
Due to energy and momentum conservation, the hydrogen atom holds an excess kinetic energy (suprathermal hydrogen atoms) which can be either utilized to escape from the matrix cage or to overcome the barrier to add to the carbon monoxide molecule forming the formyl radical within the matrix cage, Â CO : : : C 2 H : : :
This mechanism would be first order with respect to the appearances of the ethynyl and the formyl radicals, respectively. If the formyl and ethynyl radicals have the correct geometrical orientation, they can recombine within the matrix cage to form the propynal molecule without barrier (eq.
[9]). However, if the geometry does not allow a barrier-less recombination reaction, both the formyl and the ethynyl radical should be observable spectroscopically,
Based on these considerations, we utilize equations (10) and (11) to fit the temporal profile of the formyl radical and of the propynal molecules via pseudoYfirst order reaction formally via a unimolecular decomposition of a [CO-C 2 H 2 ] complex in the irradiated ices (Bennett et al. 2005b ). This reaction sequence is similar to the one observed in the formation of acetaldehyde (CH 3 CHO) in methaneYcarbon monoxide ices via reaction (2) ( Bennett et al. 2005b ). This procedure yields rate constants of k 1 ¼ 7:4 AE 2:5 ð Þ; 10 À2 s À1 and k 2 ¼ 9:0 AE 0:6 ð Þ; 10 À2 s À1 as well as a and b values of 0:75 AE 0:25 and 2:37 AE 0:5, respectively. Both rate constants are in the same order of magnitude. It should be stressed that the ethynyl radical remains unobservable in the matrix since its 1 and 3 fundamentals of 3298 cm À1 and 1835Y1846 cm À1 (Stephens et al. 1988; Forney et al. 1995) overlap with the absorptions of the acetylene molecules ( Bell & Nielsen 1950 ). Likewise, we were able to fit the temporal profile of the cyclopropenone (c-C 3 H 2 O) isomer with first order kinetics via equation (12) (c ¼ 1:1 AE 0:2; k 3 ¼ 2:8 AE 0:4 ð Þ; 10 À2 s À1 ). This may imply that neighboring carbon monoxideYacetylene molecules can also react in a (pseudo-) one step reaction to form cyclopropenone of the appropriate geometrical orientation. A comparison of the rate constants of k 2 and k 3 suggests that the overall reaction to form propynal is faster than the competing process to yield cyclopropenone by a factor of about 4. Also, the pre-exponential factors, which are indicative of geometrical constraints of the reactions, show that concentration of [CO-C 2 H 2 ] complexes in the correct geometrical orientation leading to propynal are higher by a factor of about 2 than those forming the cyclic isomer. This could be understood in terms of the cone of acceptance of the acetylene molecule. Here, the formation of cyclopropenone requires that carbon monoxide adds to the carbon-carbon triple bond. This requires a reaction geometry in the matrix where the carbon atom of the carbon monoxide molecule points toward the -electronic system of the acetylene molecule. However, a radical-radical recombination reaction of the ethynyl with the formyl radical has less geometrical constraints, except that both radicals should be close enough so that radical centers can recombine,
To convert the integrated areas into column densities and absolute numbers of synthesized molecules, we utilized the integral absorption coefficients of the 1481 cm À1 (A (propynal) , and 0:9 AE 0:3 ð Þ; 10 15 , i.e., a formation of about 1:5 AE 1:0 cyclopropenone, 1:5 AE 1:0 propynal, and 0:6 AE 0:2 formyl radicals per implanted electron. Considering the energy deposited into the system, we can compute average production rates of about 4 AE 2 ð Þ; 10 À3 (cyclopropenone), 4 AE 2 ð Þ; 10 À3 (propynal), and 1:6 AE 0:6 ð Þ; 10 À3 (formyl) molecules per eV. Finally, to confirm the derived reaction mechanisms theoretically, we conducted computations on the singlet and triplet C 3 H 2 O potential energy surfaces ( PES; Fig. 5 ). The computations show that on the singlet surface two addition pathways exist. These are the formation of cyclopropenone (s1) and an acyclic isomer (s2) by addition to two and one carbon atoms via barriers of 390 and 159 kJ mol À1 , respectively. Both structures are connected via ring opening/closure processes. The acyclic structure (s2) can isomerize via hydrogen shift to form propynal (s3) and propadienone (s4) respectively. Note that on the singlet surface, no one-step pathway exists to the form propynal (s3). On the triplet surface, two addition pathways have been located as well: the formation of triplet cyclopropenone (t1) and the acyclic isomer (t2). It should be stressed that intrinsic reaction coordinate calculations suggest that the reactions from CO(
A u ) to t1 and t2 are all barrier-less.
How can we combine the computations with the experimentally derived data to derive the actual reaction mechanism? Let us focus on the formation of cyclopropenone first. The kinetic profile derived from the infrared data proposed a (pseudo-) first order mechanism of a COYC 2 H 2 complex in the correct geometrical orientation. Our calculations suggest that due to the high barrier on the singlet surface, a one-step mechanism via addition and triplet (bottom) C 3 H 2 O potential energy surface relevant to the formation of cyclopropenone and propynal in extreme environments. Energies were computed at the CCSD(T)/cc-pVTZ level of energy and were corrected for zero-point energies. Point groups and electronic wave functions are also indicated. ''X'' indicates the electronic ground states, and ''a'' the first excited triplet states of the reactants. from the thermal ground state reactants on the singlet surface is not likely. However, the impinging electron can excite the carbon monoxide and/or the acetylene molecule to the first excited triplet state ( Fig. 5) so that a barrier-less addition to t1 and t2 is feasible. In the matrix, t1 can undergo a rapid intersystem crossing to yield singlet cyclopropenone (s1). This scenario can account for the experimental data. Based on the calculations, the addition-isomerization pathway to propynal might be an alternative route to reactions (7)Y (9). However, the experiments do not allow a distinct discrimination between both possibilities. Nevertheless, the experiments, energetics, and computations suggest that a formation of both cyclopropenone and propynal on electron irradiation in ices is feasible.
ASTROPHYSICAL IMPLICATIONS
Our laboratory experiments suggest that both the cyclopropenone and propynal molecules ( Fig. 1) can be formed in electron irradiated carbon monoxide-acetylene ices at 10.4 K. Although carbon monoxide is a well-known constituent of icecoated interstellar grains in cold molecular clouds ( Fraser et al. 2002; Ehrenfreund & Schutte 2000; Gibb et al. 2004) , the acetylene reactant has not been observed on ices so far. However, laboratory experiments indicated that a charged particle processing of methane ices (CH 4 ) at 10 K leads to a formation of complex hydrocarbon molecules, among them acetylene. Therefore, acetylene is predicted to exist on processed, interstellar grains at a level of less than 1% compared to water (H 2 O; Kaiser & Roessler 1997; Bennett et al. 2006) . Based on our studies, we can therefore predict that a processing of ice-coated, interstellar grains by Galactic cosmic ray particles, which in turn generate high-energy electrons within the ices, can lead to the synthesis of both cyclopropenone and propynal molecules in cold molecular clouds. Recall that the overall reactions to form cyclopropenone and propynal from the acetylene and carbon monoxide reactants are calculated to be endoergic by 30 and 10 kJ mol À1 , respectively. Therefore, thermal reactants cannot form these isomers in the low-temperature ices as present on interstellar grains; an external energy source such as energetic cosmic ray particles triggering secondary electrons is clearly required to compensate for the endoergicity of the reaction. These considerations underline the role of nonequilibrium (suprathermal) chemistry in the formation of organic molecules in extraterrestrial ices.
In star-forming regions such as Sgr B2, molecules synthesized on icy grains in the molecular cloud phase can be released into the gas phase by sublimation so that detection via microwave spectroscopy is feasible. Our proposed formation of cyclopropenone on icy grains is supported by a recent modeling study of Quan & Herbst (2007) . Here, the authors concluded that a pure gas phase model cannot explain the observed fractional abundances of cyclopropenone as observed toward Sgr B2( N ). Therefore, an incorporation of cosmic ray processed ices followed by sublimation might be a crucial aspect to account for the observed abundance of the cyclopropenone isomer in hot molecular cores. On the other hand, it is surprising that searches toward Sgr B2(N) failed to detect the propynal molecule. Various possibilities might account for this scenario. First, considering the derived column densities and the inherent error limits in our experiments of 0:9 AE 0:6 ð Þ; 10 15 cm À2 (cyclopropenone), 0:8 AE 0:6 ð Þ; 10 15 cm À2 (propynal), it should be noted that within the error limits, propynal might be 1 order of magnitude less abundant than cyclopropenone. Alternatively, the intense UV field from the newly formed stars in Sgr B2 might lead to a preferential photodestruction of the propynal isomer in the gas phase. However, gas phase photodissociation experiments of cyclopropenone and propynal are absent so far. Finally, propynal might react preferentially-compared to cyclopropenone-in hot molecular cores. However, similar to missing photodissociation studies, reactions of these molecules with astrophysically relevant molecules in the gas phase have not been conducted so far.
We would like to stress that the formation of cyclopropenone on interstellar ices might also explain the hitherto failed detection in cold molecular clouds like TMC-1, where-due to the low temperature of 10 K-molecules formed on interstellar grains cannot sublime into the gas phase. The solid-state route also presents a strong alternative to hitherto postulated gas phase reactions leading to this molecule; recall that gas phase reactions (13) Y(15) cannot reproduce the observed abundances in Sgr B2(N ) (Quan & Herbst 2007) ,
On the other hand, propynal can be formed in the gas phase of, for example, cold molecular clouds, via barrier-less reactions of atomic oxygen with propargyl radicals (eq.
[16]; Kwon et al. 2006) , and also by bimolecular collisions of ethynyl radicals with formaldehyde ( H 2 CO) (eq.
[17]; Petrie 1995). Alternative ion-molecule reactions (18) Y(19) have been discussed as well ( Irvine et al. 1988) ,
Summarized, our laboratory studies suggest that the formation of cyclopropenone (c-C 3 H 2 O) can be explained by a synthesis on interstellar, icy grains under nonequilibrium chemistry conditions in cold molecular clouds followed by a sublimation of the grains once the hot core stage is reached. Propynal can be synthesized on icy grains, too, but gas phase neutral-neutral and ionmolecule reactions can explain its observed abundances in cold clouds within the observational and modeling constraints as well. Future laboratory experiments will also investigate to what extent cyclopropenone can undergo an electron irradiation induced isomerization to propynal and vice versa.
SOLAR SYSTEM APPLICATIONS
Gas phase chemical processes in the atmospheres of solar planets and their satellites have been explored and well established for years (e.g., Strobel & Yung 1979; Yung et al. 1984; Yung & DeMore 1999; Moses et al. 2005; Strobel 2005 ). However, the solid state and aerosol chemistry has remained poorly explored, especially for Titan's atmosphere. Here, the hydrocarbon chemistry and aerosol formation rates are highly enhanced compared to other solar system objects. One of the limiting factors is the lack of experimental data which are fundamental for atmospheric chemical modeling. Here, we present a first attempt to model the formation of oxygen compounds via heterogeneous chemistry, utilizing the experimentally derived yields of chemical species produced from the irradiation of CO-C 2 H 2 solid mixture determined in this work. Titan is selected for detailed modeling study because of its rich chemistry and abundant observations. Titan is Nature's laboratory for organic synthesis. Because of Titan's low gravity, which allows light species such as hydrogen to escape readily (e.g., Yelle et al. 2006) , processes that recycle hydrocarbons back to CH 4 through the interaction of hydrogen are greatly reduced, resulting in higher abundance of hydrocarbons in the atmosphere of Titan and a hazy atmosphere by subsequent physiochemical processes that turn gaseous species into aerosols (e.g., Liang et al. 2007) . A previous study suggests that pure gas phase photochemistry produces hydrocarbon abundances that are too high in the regions where most of hydrocarbons are synthesized ( Liang et al. 2007) . Mechanisms that physically adsorb molecules on existing aerosols followed by UV and /or cosmic-ray irradiation that convert adsorbed molecules permanently into tholins are proposed in order to reduce gaseous hydrocarbons and to explain the aerosol profiles above 350 km derived from Cassini UVIS observations (Liang et al. 2007 ). Here, we explore the cosmic-ray-induced processes on those aerosol particles and make a comparison with pure gas phase chemistry. For this study, we select Model D of Liang et al. (2007) . The low-energy cosmic ray particles that are used to dissociate/ionize molecular nitrogen are not considered here, because those cosmic ray particles cannot reach the surface; in addition, the interaction cross sections between low-energy cosmic rays and atmospheric aerosols are too small to have a noticeable contribution to atmospheric chemical production. Therefore, we consider high-energy cosmic ray particles at the surface of Titan. The energy flux at the surface is estimated to be 10 9 eV cm À2 s À1 (Sagan & Thompson 1984) . A model which incorporates the obtained radiation yields of C 3 H 2 O, c-C 3 H 2 O, and HCO from the experiments as described above is developed. The heterogeneous production of both C 3 H 2 O isomers was found to be orders of magnitude higher than the gaseous chemistry; in addition, heterogeneous chemistry is the only known source for c-C 3 H 2 O. The integrated production rates of C 3 H 2 O by gaseous and heterogeneous chemistries are 3 ; 10 4 and 5 ; 10 6 molecules cm À2 s
À1
, respectively. These numbers alone clearly indicate that heterogeneous chemistry must not be neglected. Further, the production rate of c-C 3 H 2 O is determined to be 5 ; 10 6 molecules cm À2 s À1 . The production of HCO by gaseous chemistry (2 ; 10 8 molecules cm À2 s À1 ) is 2 orders of magnitude higher than that by heterogeneous chemistry (2 ; 10 6 molecules cm À2 s À1 ). However, the atmospheric chemical processes play a small role at the surface, because HCO is close to being in photochemical equilibrium, resulting in negligible downward transport flux near the surface. The loss processes for C 3 H 2 O and c-C 3 H 2 O remain undetermined, so the vertical profiles of the abundances, which provide direct comparison to observations, of these two cannot be derived from the current model. Further laboratory measurements on the destruction pathways are needed. Note that in the above calculation, we have assumed that the heterogeneous productions of C 3 H 2 O and c-C 3 H 2 O are limited by the amount of C 2 H 2 in the aerosol. The total meteoritic impact rate (a source of oxygen) is $10 À16 g cm À2 s À1 ( Moses et al. 2005) , which is close to the influx of oxygen ( H 2 O is assumed) of 1:5 ; 10 6 molecules cm À2 s À1 at the top of the atmosphere used in the current model ( based on Yung et al. 1984) , comparable to the amount of oxygen compounds produced by cosmic-ray irradiation. The amount of oxygen compounds in impacting particles preserved in the solid phase, which affects the heterogeneous production of oxygen compounds, is uncertain. Similar mechanisms also apply to terrestrial planets and icy satellites, such as Mars and Enceladus.
